Abstract: Ratites differ in the anatomy of their digestive organs and their digesta excretion patterns. Ostriches (Struthio camelus) have large fermentation chambers and long digesta retention, emus (Dromaius novaehollandiae) have a short gut and short retention times, and rheas (Rhea americana) are intermediate. A recent study showed that ostriches produce as much methane (CH4) as expected for a similar-sized, non-ruminant mammalian herbivore. We hypothesized that emus and rheas produce less CH4 than ostriches. We individually measured, by chamber respirometry, the amount of O2 consumed as well as CO2 and CH4 emitted from six adult rheas (body mass 23.4 ± 8.3 kg) and two adult emus (33.5 and 32.0 kg) during 23-hour periods on a pelleted lucerne diet. In contrast to previous studies, which classified emus as non-producers, we measured CH4 emissions at 7.39 and 6.25 L/day for emus and 2.87 ± 0.82 L/day for rheas, which is close to values expected for similar-sized non-ruminant mammals for both species. O2 consumption was of a similar magnitude as reported previously. Across ratites CH4 yield (L/kg dry matter intake) was positively correlated with mean retention time of food particles in the gut, similar to findings within ruminant species. In ratites, this relationship leads to similar body mass-specific CH4 production for a high intake/short retention and a low intake/long retention strategy. Therefore, when investigating CH4 production in herbivorous birds, it is advisable to consider various CH4 measures, not only yield or absolute daily amount alone. (CH 4 ) as expected for a similar-sized, non-ruminant mammalian herbivore. We hypothesized 26 that emus and rheas produce less CH 4 than ostriches. We individually measured, by chamber 27 respirometry, the amount of O 2 consumed as well as CO 2 and CH 4 emitted from six adult 28 rheas (body mass 23.4 ± 8.3 kg) and two adult emus (33.5 and 32.0 kg) during 23-hour 29 periods on a pelleted lucerne diet. In contrast to previous studies, which classified emus as 30 non-producers, we measured CH 4 emissions at 7.39 and 6.25 L/day for emus and 2.87 ± 0.82 31 L/day for rheas, which is close to values expected for similar-sized non-ruminant mammals 32 for both species. O 2 consumption was of a similar magnitude as reported previously. Across 33 ratites CH 4 yield (L/kg dry matter intake) was positively correlated with mean retention time 34 of food particles in the gut, similar to findings within ruminant species. In ratites, this 35 relationship leads to similar body mass-specific CH 4 production for a high intake/short 36 retention and a low intake/long retention strategy. Therefore, when investigating CH 4 37 production in herbivorous birds, it is advisable to consider various CH 4 measures, not only 38 yield or absolute daily amount alone. 39 40
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The experiment consisted of an adaptation period of 14 days (on enclosures covered with 93 soil and woodchips but without vegetation that the animals could consume in addition to the 94 offered diet), 7 days of collection and 1 day of respiration measurements. For the last 3 days 95 of the adaptation period and the 7-day collection period, the animals were kept individually in 96 sheltered outdoor enclosures of a size of 12 m 2 . Although kept individually, they had access 97 to visual, acoustic and -through the enclosure fencing -also physical contact with 98 conspecifics. The enclosures were protected against direct sunlight, rain and wind, and the 99 floors were covered with fabric carpets to facilitate faecal collection. All animals were 100 habituated to human presence. 101 102
Respiration measurements 103
At the end of the 7-day collection period, animals were moved individually for 23 h into 104 respiration chambers (1.7 × 1.3 × 1.7 m). The two chambers were custom made on site out of 105 wood, with a fabric carpet flooring. Any gaps were covered with construction tape or sealed 106 off with silicon. Windows of a size of 17 × 42 cm, made of acrylic glass, allowed the observer 107 to constantly monitor the animals in the chambers. Water and pelleted lucerne were provided 108 ad libitum and ambient temperatures ranged from 14°C to 32°C, which corresponds to the 109 thermoneutral zone of emus (Maloney and Dawson 1994) and is close to that of ostriches 110 (Crawford and Schmidt-Nielsen 1967); to our kowledge, the thermoneutral zone of rheas has 111 not been determined. Chambers were constantly and unidirectionally ventilated by a pull 112 through system. Ambient air entered the chamber through a series of air inlets at the bottom, 113 mixed with the air within the chamber and was then pulled out through a series of air outlets 114 on the roof by a pump (Flowkit 100, Sable Systems, Las Vegas, USA) which generated a 115 constant airflow of 21 to 30 L/min for rheas and 86 to 90 L/min for emus. Flow and 116 composition of outgoing air and composition of ambient air (as baseline) were alternately 117 measured in 90 s intervals. Gas concentrations were measured by O 2 and CO 2 analysers 118 (Turbofox, Sable Systems) as well as by a CH 4 analyser (MA-10, Sable Systems). Data were 119 adjusted for barometric pressure, water vapour pressure and air flow rates, which werecalibrated prior to each measurement by using pure N 2 gas and a span gas (PanGas, 122 Dagmarsellen, Switzerland; 19.91% O 2 , 0.51% CO 2 and 0.49% CH 4 dissolved in N 2 ). While 123
gas recovery could not be tested due to the nature of the on-site chambers, measurements 124 taken with this system showed a high degree of correspondence to literature data for oxygen 125 Spearman's rho (ρ). A General Linear Model was performed to analyse whether body mass, 150 relative dry matter intake (DMI) and mean retention time (MRT) influenced the daily CH 4 151 output; normal distribution of residuals was ascertained to validate the approach. Analyses 152 were performed in SPSS 21.0 (SPSS Inc., Chicago, IL). The significance level was set to
Results 156
The daily pattern of O 2 consumption and CO 2 production, as displayed exemplarily for 157 one rhea and emu each (Fig. 1A,B) , indicate a high activity soon after the beginning of 158 respiratory measurements, with a concomitant increase in CH 4 emission. The plateau 159 indicating a night-time resting period was more distinct in the rheas than in the two emus 160 (Fig. 1A) ; a change of the respiratory quotient during the night time period supports 161 behavioural observations made during the digestion study that animals did not feed at night. 162
Although emus had higher absolute levels of CH 4 emission, rheas had higher levels per unit 163 food and energy intake ( Table 2 ). The resting metabolic rates for rheas and emus were 182 164 ±19 and 240 ±25 kJ/kg 0.75 /day, respectively (Table 3) . 165
Compared to regression lines for ruminant and non-ruminant mammalian herbivores, all 166 three ratites produced CH 4 of a magnitude expected for a similar-sized non-ruminant mammal 167 (Fig. 2a) . Considering CH 4 production per unit ingested dry matter or gross energy, the 168 predicted sequence with ostriches having highest and emus lowest values was visible, but 169 values were generally also of a magnitude observed in non-ruminant mammals (Fig. 2b,c) . 170
The CH 4 per unit digested fibre showed no evident ranking between the three ratite species 171 (Fig. 2d) . 172
There was no significant correlation between the MRT of particles in the gastrointestinal 173 tract and the amount of CH 4 produced per unit body mass, neither for the ratite data alone nor 174 in combination with the mammal data (Fig. 3A) . In contrast, there was a significant 175 correlation between the MRT and the amount of CH 4 produced per unit DMI, irrespective of 176 whether or not mammals were included (Fig. 3B ). In the dataset comprising ratites and 177 mammals, a general linear model with absolute daily CH 4 production as the dependent 178 variable and body mass, relative DMI and MRT of particles as covariables, the body mass 179 effect was only apparent as a trend (F = 4.150, P = 0.060), whereas the effects of both relative 180 DMI (F = 11.197, P = 0.004) and MRT (F = 42.003, P < 0.001) were significant. 181 182
Discussion 183
The results of the present study demonstrate substantial CH 4 production in rheas and 184 emus. In comparison with the findings in ostriches, these results suggest that CH 4 production 185 depends on both, food intake and digesta MRT in the gastrointestinal tract -within ratites, and 186 possibly also across other herbivorous vertebrates. The interplay between intake, retention 187 time and CH 4 production might suggest that the absolute daily CH 4 production may be similar 188 for animals that have a high food intake but a short retention time vs. animals that have alower food intake but a longer retention time. This means that, in order to classify animals in 190 terms of CH 4 production, the focus should not only be on CH 4 'yield' (per unit food intake or 191 energy intake, or per unit faecal material) but also on the overall daily CH 4 emission. 192
The metabolic rate measurements in the emus corresponded to resting metabolism as 193 measured by chamber respirometry in another study, but were below levels determined for 194 standing metabolism by mask respirometry, and higher than the basal metabolic rate measures 195 determined in respiration chambers (Table 3) . For rhea, only mask respirometry 196 measurements are available in the literature; in one study, the presumed resting metabolism 197 was higher than the standing metabolism of another study (Table 3 ). The resting metabolism 198 measured in the rheas of the present study was lower than that measured in the emus, and was 199 within the range reported as basal metabolic rate for emus (Table 3) . production from faeces appears plausible; however, due to the particularly high food intake 219 (and high faecal output) of emus, high overall CH 4 emissions per day occurred nevertheless. with an increased fibre digestibility due to their enhanced digesta particle size reduction 237
(Clauss et al. 2015). 238
These results represent an expansion of the mechanistic understanding of CH 4 239 production, which was so far based on studies within ruminant species, by our study of ratite 240 species: it seems that even at extremely short retention times, such as those observed in emus 241 (Fig. 3AB) , a certain amount of CH 4 production takes place that appears to be linked to the 242 digestion of fibre (Fig. 2D ). This appears counter-intuitive, because CH 4 production is mainly 243 associated with long time periods ( 
